For more than four decades, caesium atomic clocks have been the backbone in a variety of This paper gives a survey on currently available commercial caesium clocks and primary standards developed in national metrology institutes.
Introduction
The accurate measurement of time and frequency is vital to the success of many fields of science and technology. Examples from atomic physics are atom-photon interactions, atomic collisions, and atomic interactions with static and dynamic electromagnetic fields. Geodesy, radio-astronomy (very long baseline interferometry), and pulsar astronomy rely strongly on the availability of stable local frequency standards and uniform timescales. The same is valid for the operation of satellite-based navigation systems. However, more commonplace applications, such as management of electric power networks and telecommunication networks, also require synchronisation of local timing sources or syntonization of locally maintained frequency sources with national or international standards.
In almost all these fields atomic frequency standards (AFS) based on the caesium hyperfine transition at 9.2 GHz have played an important role since decades. Immediately after the demonstration of the first laboratory device in the National Physical Laboratory (NPL), UK, in 1955 (Essen and Parry 1957) , a commercial variant, named Atomichron, was developed in the US in 1958 (Forman 1985 . Today, hundreds of commercial caesium atomic clocks are used in timing laboratories and in military and scientific centres. A brief discussion on principles, operation and characterization of AFS is given subsequently, followed by a description of the function of a caesium AFS. Section 4 includes the results of a survey on the performance of currently available caesium AFSs. Primary frequency standards or clocks are distinguished from the commercial clocks by the fact that the corrections due to all systematic frequency shifting effects can be estimated to the best of one's knowledge. The properties of today's clocks of this kind are summarized in section 5.
Using the technique of laser cooling, an improved type of caesium AFS has been developed during the last decade. The so-called fountain clocks have matured to be operated regularly and to contribute to the realization of International Atomic Time (Parker et al 2001 , Weyers et al 2001 . Their properties are dealt with in section 6, followed by a section dealing with the specific role of caesium clocks in the realization of International Atomic Time. After a quick glance on future developments the paper the paper is concluded with a summary.
Further details on the subject and in particular on rubidium AFS and the hydrogen maser can be found in the monographs of Gerber and Ballato (1984) , of Major (1998) , and of Riehle (2003) . Vanier and Audoin (1989) explained the principles and the theoretical background in a very detailed fashion. Part of the material was previously published in Bauch and Telle (2002) .
Atomic frequency standards: principle of operation and characterization of their performance
It is commonly assumed that atomic properties such as energy differences between atomic eigenstates and thus atomic transition frequencies are natural constants and do not depend on space and time (apart from relativistic effects). They are determined by fundamental constants which describe the interaction of elementary particles. A transition between two eigenstates differing in energy by ΔE is accompanied by absorption or emission of electromagnetic radiation of frequency f = ΔE/h (h: Planck constant). The principle of operation of a passive AFS is illustrated in figure 1. The choice of the particular atomic transition is directed by certain requirements. The first basic aim would be to minimise random fluctuations of the output signal, which requires that (I) the natural linewidth Γ (2) of the transition is small, (II) the interaction time T i of the atomic absorber with the probing radiation is long,
Γ is expressed as angular frequency throughout the text 2 (III) sources of probing radiation exist which deliver a spectrally narrow radiation so that no technical broadening of the observed resonance curve occurs, (IV) the atomic resonance is observed with a high signal-to-noise ratio so that the statistical fluctuations of the signal I D used for control of the LO are small.
If the first three criteria are fulfilled, in principle a narrow atomic resonance can be observed.
Consider atoms being irradiated with a monochromatic radiation of frequency f p during a time interval T i . If Γ is sufficiently small, Γ /(2π) << 1/T i , the observed line shape resembles the squared Fourier transform of the truncated sinusoidal waveform, and has a full width at half maximum (FWHM) of the order 0.9/T i .
The second basic aim would be to minimise systematic shifts of the realized output frequency f r from that of unperturbed atoms. Two further requirements have been identified.
(V)
The energy of the atomic eigenstates should be insensitive to electric and magnetic fields.
(VI) The velocity v of the probed atoms should be low.
Before we come back to these requirements in describing the function of a caesium clock, we briefly discuss the standard measures for the characterization of AFSs in general. The term frequency instability describes the stochastic or environmentally induced fluctuations of the output frequency of a standard. The frequency instability can be expressed in the time domain as a function of the measurement time τ (averaging time) or in the frequency domain by the power spectral density. A review of the measures is included in an ITU-Handbook (ITU 1997, sections 3 and 4) . Levine (1999) has also given an excellent tutorial on the matter. Here we restrict ourselves to a widely accepted measure in the time domain which may characterize the AFS output. We consider normalized frequency differences y(τ) of the realized frequency from its nominal value or from a suitable reference, averaged over τ. The two-sample standard deviation σ y (τ), introduced by Allan (1966) , calculated according to
is a useful measure of the relative frequency instability for an averaging time τ during the total measurement time K⋅τ, as long as K ≥ 10 is valid. In a log-log plot of σ y (τ) versus τ one can discriminate among some of the causes of instability in the clock signal because they lead to different slopes. If shot-noise of the detected atoms is the dominating noise source, the frequency noise is white and σ y (τ) decreases with τ −1/2
. In this case the use of σ y (τ) is not really mandatory because it agrees with the classical standard deviation of the sample.
Typically, however, one notices long-term effects due to coloured noise processes which indicate that parameters defining f r are not sufficiently well controlled. The classical standard deviation would diverge with increasing τ in such a case whereas σ y (τ) remains bounded.
The slope in the log-log plot then changes to zero or even becomes positive. The observed σ y (τ) can be related with operational parameters of the AFS through the expression
In (2), η is a numerical factor of the order of unity, depending on the shape of the resonance line and of the method of frequency modulation to determine the line centre. Q is the line quality factor (transition frequency / FWHM), and (S/N) is the signal-to-noise ratio for a 1 Hz detection bandwidth. Equation (2) reflects the requirements (I)-(IV). Examples of instability diagrams are given in the following sections.
The term accuracy is generally used to express the depth of understanding and quantitative knowledge of all effects which may entail that the output of the AFS does not reflect the transition frequency of unperturbed atoms. The manufacturers of commercial clocks use the term in the specifications of the average clock frequency with respect to the SI second definition, but without giving details about the causes of potential frequency deviations. A detailed list of such causes is published for primary clocks, and examples of uncertainty budgets are given in sections 5 and 6. Here one expresses the lack of knowledge and estimates the uncertainty u due to individual effects. General rules how to do this are contained in an ISO Guide (ISO 1993).
Caesium atomic clocks, classical and optically pumped
Already in the early 1950s, the element caesium had been identified as a very suitable candidate to fulfil many of the above mentioned requirements. The reference transition is that between the F g =4 and F g =3 hyperfine ground-state energy levels in the isotope magnetic selection of caesium atoms in the different hyperfine states is possible, and that, at the same time, efficient detection of the atoms using surface ionization is achievable. In figure 2 the principle of a caesium atomic clock is shown. In such a "classical" caesium atomic clock a beam of atoms effuses from an oven and passes through the strong inhomogeneous magnetic field of a state-selecting magnet (polarizer). Depending on the atoms' effective magnetic moment the polarizer deflects atoms in different directions so that some of the atoms subsequently pass through the microwave cavity. These may be the atoms either in the states F g = 4, m F = #4 and F g = 3, m F = #3, #2,...,+3, or in the states F g = 4, m F = 4, 3,...,#3, depending on the chosen geometry. In a so-called Ramsey cavity, made up of an U-shaped waveguide, the atoms are irradiated twice with a standing microwave probing field of frequency f p . Ramsey (1950 Ramsey ( , 1990 had shown that the interaction time T i , as previously introduced, becomes equal to the time of flight between the two arms of the cavity.
Transitions obeying the selection rules ΔF = ±1, Δm F = 0 can be induced. A second stateselecting magnet (analyzer) discriminates between atoms which have made a transition and those which have remained in the initial state and directs atoms in one of the states to a hotwire detector. The atoms are ionized, and the ion current is processed to yield the control signal I D . When f p is tuned across f r , I D exhibits a resonance feature centred around f r and shown schematically in figure 2b . In clock operation, the probing frequency is modulated around a central value, and by phase-sensitive detection of I D and subsequent integration the control voltage U R is generated which tunes the LO, a voltage-controlled, temperaturestabilized quartz oscillator, so that f p and f r agree on average. In commercial clocks, I D is generated from the output of a secondary electron multiplier. This allows a rather fast modulation (usually sine-wave), and a time constant of the LO control loop of a few seconds is chosen. In primary clocks like those of the Physikalisch-Technische Bundesanstalt PTB square-wave frequency modulation at a rate of 4 Hz is used, and the time constant is 10 s or longer (Schröder 1991 has not yet begun, and no performance data can therefore be given in the following section.
Clock development for the GPS-III program including optical pumping was recently reported (see below).
Commercial caesium clocks
Following the principles and ideas explained in the previous sections, caesium clocks have been produced commercially since the late 1950s. In designing these devices a compromise between weight, volume, power consumption, and performance and costs is unavoidable. Since the application of digital control processes has become state-of-the art, the performance of caesium clocks has improved considerably. In practically all devices, the control of the LO is periodically switched into an hold-over mode and several parameters affecting the accuracy and long-term stability of the clock are monitored. Among these are C field strength, the microwave field amplitude and the atomic flux (signal level) (Cutler and Giffard 1992) . Operational parameters are logged and can be retrieved through a computer interface. Manufacturer A reported on the long-term performance as well as on the statistics of the CBT operating times, with emphasis on clocks operated in US time-keeping institutes (Kusters et al 1999) . Data concerning the accuracy and long-term stability of the ensemble of clocks operated in the time-keeping laboratories world-wide is included in section 7.
Subsequently we give examples of the observed frequency instability of clocks operated at PTB in laboratory environment. In figure 4 records of the short-term frequency instability of one clock are shown, one taken at an early time of operation and the other one a few months before the CBT ran out of caesium. The new tube yields a slightly more stable signal, specifications, however, were fulfilled at all times. The long-term behaviour of two clocks is illustrated in figure 5 , using data over one year. The frequency instability is to a large extent governed by white frequency noise (~τ −1/2 ) up to the longest averaging times studied here. et al (1999) and Wu and Feess (2000) .
Some clocks have functioned in space for 10 years and more. The typical relative frequency instability at τ = 1 day is of order 1⋅10 −13
. Three caesium clocks are on board of Russian GLONASS (Global Navigation Satellite System) satellites. They were developed by the Russian Institute of Radionavigation and Time, St. Petersburg. The clocks' performance is typically inferior to that of GPS clocks. The relative frequency instability at τ = 1 day was reported as about 5⋅10
−13
. A serious drawback is their very short operational time in space, of typically less than 2 years (Bassevich et al 1996) .
As operational lifetime and short-term frequency instability (up to a few hours) are the key parameters for space clocks in navigation systems, rubidium AFS have been used since many years. The GPS block IIR satellites which are launched in replacement of older satellites since 1997 carry three rubidium AFS only. According to Wu and Feess (2000) , three digital caesium AFS will again be used onboard the future GPS block IIF satellites.
Other information says that block IIF satellites will be equipped with one caesium and two rubidium clock. Development of an optically pumped caesium AFS for the GPS-III program was recently presented by Lutwak et al (2002) . The current design of the future European navigation system Galileo specifies one passive hydrogen maser and two rubidium AFS onboard the Galileo satellites.
Primary clocks
In the mid of 2002, two "classical" primary clocks, CS1 and CS2 of the PhysikalischTechnische Bundesanstalt, are continuously operated and serve, among other standards which are mentioned below, as long-term references for the realization of International
Atomic Time (section 6 of ITU (1997), Bauch et al (1998 Bauch et al ( , 2000 ). Four-pole and six-pole magnets ("magnetic lenses") are used for state selection and velocity selection in these devices. In consequence, the mean atomic velocity is more than a factor of two lower than in an effusive thermal beam from the same source, and atomic velocities are confined in a narrow interval around the mean velocity. This proved advantageous to obtain a small uncertainty (Audoin 1992). A sketch of the CS2 design is shown in figure 6 . Because of the reduced linewidth, somewhat below 1 Hz, and the reduced atomic velocity some systematic frequency shifting effects are reduced by orders of magnitude compared with the entries in table 4. A new frequency shifting effect needs consideration when ultracold atoms are used in a frequency standard. The cross section for frequency-shifting collisions becomes much larger than that of thermal atoms of the same species. The collisional shift is proportional to the density of atoms in the cloud and depends on details of the atomic state in which the atomic cloud has been initially prepared. As obvious from table 5, the collisional frequency shift currently leads to the limiting uncertainty contributions and is still a subject of detailed studies.
The discussion of the frequency instability addresses a problem common to fountain frequency standards and beam standards. In all devices the LO is servo-controlled to the centre of the reference resonance. For this purpose, the probing frequency is periodically modulated and the output signal of the atomic resonator (see figures 1 and 2) is synchronously demodulated. Thus, the gain of the servo control is a periodic variable function of time and may become zero. This is straightforward to see for a fountain in which the loading time constitutes such a zero-gain period. One can show that the apparently continuously available control signal in a beam standard is also deficient of information on the LO phase excursions twice during each modulation period for time intervals of typically a few times T i (Audoin et al 1991) . In all cases, the frequency noise of the LO at Fourier frequencies equal to even multiples of the modulation frequency is transposed to the quasi-DC control voltage. It constitutes a noise source in addition to, e.g., atomic shot noise.
Historically, this aliasing phenomenon has been known from sampling theory, and its importance in passive frequency standards was early pointed out by Kramer (1974) figure 13b . In principle, the BIPM requests to report un-steered clocks, as delivered from the manufacturer. With a slight reservation, whether this is true in all cases, the plots prove that the clocks in the two ensembles realize the second within the specified accuracy.
Another interesting quantity is the instability of the clock ensemble during the 12-months interval, represented by the standard deviation of the monthly rates from the mean. This is depicted in figure 14 for the two clock ensembles. 
The look to the future
Since the mid fifties, when the first caesium atomic clock was successfully operated, the uncertainty in realizing the hyperfine splitting frequency of unperturbed caesium atoms could be reduced by about five orders of magnitude. We can expect some further improvements, but we may also get aware that transitions in other elements prove more suitable in that respect. At present two cold-caesium frequency standards are under development for operation in the micro-gravity environment on the International Space Station (ISS). As . It may be difficult to reach this with a caesium fountain.
Summary
Currently the definition of the unit of time in the international system of units SI reads "The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the caesium 133 atom.". systems, like the US Global Positioning System, nor the syntonization of telecommunication networks at the presently prescribed level would function without them. Thus, there is a substantial market for commercial products, subject of Section 4. There is a future for caesium atomic clocks, in space and on ground, and they will remain useful for scientific and technological applications. Table 2 ) (middle), and the total number (right). In grey shade the fraction of these clocks having been attributed the maximum statistical weight is indicated. One notices that the clocks of type A-H make up the largest fraction of clocks having obtained maximum weight.
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